ABSTRACT. Shading during early fruit development reduces fruit growth and initiates fruit abscission in apple (Malus · domestica). The mechanisms mediating the decline in fruit growth in response to shading are not well understood. In this study, the effects of shading during early fruit development on cell production and expansion were investigated. Additionally, the effects of shading on the expression of genes associated with carbohydrate metabolism, fruit growth, and cell production and expansion were investigated to develop a better understanding of the molecular mechanisms and to identify genes that mediate the reduction in fruit growth. Shading of isolated branches or entire trees ' '15 to 18 days after full bloom resulted in a sharp decline in fruit growth by 3 days after treatment. Reduction in fruit growth was consistently mediated by a decline in cell production within 3 days after treatment. Reduced fruit growth was also associated with lower cell size by 3 to 7 days after shading in two different years. These data indicate that the reduction in fruit growth as a result of shading is mediated by a reduction in cell production and expansion. The expression of two sorbitol dehydrogenase (SDH) genes, MdSDH1 and MdSDH2, was higher in the shaded fruit by up to 10-fold, suggesting an increase in SDH activity to meet the immediate respiratory demands of the developing fruit. The auxin response factor (ARF), MdARF106, displayed ' '3-fold higher expression in the shaded fruit, suggesting its involvement in regulating mechanisms that mediate the reduction in fruit growth. Two A2-type cyclins, MdCYCA2;2 and MdCYCA2;3, which are positively associated with cell production, displayed lower expression in the shaded fruit by up to 4.6-fold. Conversely, MdKRP4 and MdKRP5, cell cycle genes negatively associated with cell production, displayed 3.9-and 5.3-fold higher expression in the shaded fruit, respectively. Additionally, two genes associated with cell expansion, MdCOB1 (cobra1) and MdEXPA10;1 (expansin), displayed lower expression in the shaded fruit. Together, these data indicate that shading results in coordinated changes in the expression of carbohydrate metabolism-related genes, key transcription factors related to fruit growth, and genes associated with cell production and expansion. These changes may subsequently decrease the progression of the primary processes that mediate fruit growth.
Shading during early apple fruit development decreases fruit growth and induces fruit abscission and has been used to understand processes that affect thinning (Byers et al., 1985 (Byers et al., , 1990a (Byers et al., , 1990b (Byers et al., , 1991 . During early fruit development, active sinks such as the growing shoots and fruit compete for limited carbohydrate and nutrient resources (Lakso et al., 1999) . Shading during this period rapidly reduces canopy photosynthesis resulting in the decreased availability of assimilates and further enhances the competition among these sinks (Byers et al., 1990b; Morandi et al., 2011; Polomski et al., 1988; Zibordi et al., 2009 ). In such a context, the available carbohydrate and nutrient resources are channeled primarily in favor of shoot growth, whereas fruit growth is reduced. For example, shading of isolated branches during early fruit development results in reduced fruit growth but allows for continued shoot growth (Bepete and Lakso, 1998) . The reduction in fruit growth and a subsequent decrease in sink strength may lead to the induction of fruit abscission mechanisms (Botton et al., 2011; Zhou et al., 2008; Zhu et al., 2011) . A decrease in fruit relative growth rate (RGR) was apparent within 2 d after shading (Morandi et al., 2011; Zibordi et al., 2009 ). Shade-induced fruit abscission occurred %5 to 10 d after shading and peaked %15 d (Kolaric et al., 2011; McArtney et al., 2004; Zhu et al., 2011) . Hence, reduction in fruit growth is an earlier response to shading. Although progress has been made in understanding the mechanisms that mediate shade-induced fruit abscission (Zhou et al., 2008; Zhu et al., 2011) , mechanisms regulating the shadeinduced reduction in fruit growth are not well understood.
Reduction in fruit growth resulting from shading may be mediated by a decrease in the extent of cell production and/or cell expansion, the primary mechanisms that mediate fruit growth. The contribution of these processes to shade-induced reduction in fruit growth has not yet been determined. Shading during early fruit development, a period of intensive cell production, is particularly effective in reducing fruit growth and inducing abscission (Byers et al., 1990b; Polomski et al., 1988) . Furthermore, cell production has a high requirement for resources and this phase of fruit development displays the highest amount of respiration on a per unit fruit weight basis (Bepete and Lakso, 1997) . Hence, cell production may be particularly sensitive to lower assimilate availability as a result of shading. However, considerable cell expansion also occurs during early fruit growth (Malladi and Johnson, 2011) . Hence, it is also likely that shading may reduce fruit growth by altering the extent of early cell expansion.
The molecular mechanisms leading to a reduction in fruit growth resulting from shading are not well understood. Shadeinduced reduction in fruit growth may be mediated by genes regulating carbohydrate metabolism, transcription factors associated with fruit growth, and final effectors of cell production and expansion. Changes in the expression of genes associated with sorbitol metabolism such as sorbitol dehydrogenase in response to shading may enable the developing fruit to respond to the decreased availability of assimilates. For example, SDH expression in the fruit decreased in response to shading (Zhu et al., 2011) . Transcription factors such as the auxin response factor, MdARF106, a gene putatively associated with the regulation of fruit growth (Devoghalaere et al., 2012) , may coordinate changes in gene expression to facilitate a reduction in fruit growth in response to shading. Core cell cycle genes such as the B-type cyclin dependent kinases (CDKs) and A-and B-type cyclins (CYCs) are positively associated, whereas others such as the KIP related proteins, MdKRP4 and MdKRP5, are negatively associated with cell production during different stages of apple fruit growth (Malladi and Johnson, 2011) . Expansins (EXPAs) and cobra (COB) genes are associated with cell growth and orientation of cell expansion (Cho and Cosgrove, 2000; Roudier et al., 2005; Schindelman et al., 2001) . These genes may function as the downstream effectors of cell production and expansion and may aid in coordinating changes in these processes in response to shading. Analyses of the changes in the expression of these genes resulting from shading may allow for a better understanding of the molecular mechanisms that facilitate the reduction in fruit growth.
It was hypothesized that a decrease in cell production and expansion contributes to the reduction in fruit growth in response to shading and that genes associated with these processes mediate the shade-induced reduction in fruit growth. To address these hypotheses, the effects of shading on fruit size, cell number, and cell area were analyzed at different stages of early fruit growth and changes in the expression of key genes associated with the regulation of fruit growth and, particularly, cell production and expansion, were investigated.
Materials and Methods
PLANT MATERIAL. Mature trees of 'Golden Delicious Smoothee' on M.7a rootstocks were used in this study. Trees were grown and maintained at the Mountain Research and Education Center, University of Georgia, Blairsville, GA. The trees were maintained according to commercial apple production practices. Chemical or hand-thinning was not performed in either of the 2 years of this study.
SHADING TREATMENT. In 2009, eight uniform trees were selected and assigned randomly either to the ''shaded'' treatment or used as ''control'' trees (n = 4). One major scaffold branch per tree, on the west side, was selected for these treatments. At 15 d after full bloom [DAFB (%11 mm fruit diameter)], the selected branch within the shaded treatment was covered with black polypropylene, 80% shade material using a wire support framework built around the branch. Previous studies have reported significant fruit growth reduction in response to similar levels of shading (Bepete and Lakso, 1998; Zhou et al., 2008) . The branches were shaded throughout the duration of the experiment (15 to 25 DAFB). The base of the branch, close to the tree trunk, was girdled to isolate the branch from the rest of the tree (Bepete and Lakso, 1998) . Girdling has been found to have little direct impact on fruit growth for at least 10 d (Bepete and Lakso, 1998) . The branches on the control trees were also girdled but were left uncovered. Temperature within the canopy of the shaded and control branches was recorded using sensors placed inside radiation shields. The average daily temperature during the period of the experiment was 18.9 ± 0.6°C and 18.6 ± 0.7°C within the branches in the shaded and the control treatments, respectively.
The light levels within the canopy of the shaded and control treatments were measured during early afternoon at 0, 3, 7, and 10 d after treatment using a 1-m line quantum sensor Lincoln, NE) . During the experimental period, the light levels within the canopy of the control branches were %585.1 mmolÁm -2 -1 , whereas the canopy within the shaded branches received %59 mmolÁm -2 -1 , indicating %90% shading. Ten fruit on each experimental unit (branch) were tagged and fruit diameter was recorded over the duration of the experiment. Fruit RGR (mmÁmm -1 Ád -1 ) was calculated from the fruit diameter data using the formula [ln(D 2 )-ln(D 1 )]/T 2 -T 1 , where D 2 and D 1 are fruit diameter at time points, T 2 and T 1 . Five fruit from each replicate were sampled at 0, 3, 7, and 10 d after shading. All of the samples were collected during the afternoon period (%1400 HR). The samples were fixed in CRAF III fixative (3% chromic acid, 20% acetic acid, and 10% formalin) for histology or immediately frozen in liquid N 2 for gene expression analyses.
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In 2010, four trees each were assigned randomly to either the shaded or the control treatments (n = 4). Entire trees within the shaded treatment were individually covered with black polypropylene, 80% shade material using a metal framework support constructed around the trees at 18 DAFB (%11 mm fruit diameter). The trees were shaded throughout the duration of the experiment (18 to 28 DAFB). Temperature sensors housed within a radiation shield and light sensors (SQ100; Apogee Instruments, Logan, UT) were placed at 1 m above ground level close to the tree canopy. The average daily temperature during the duration of the experiment was 18.1 ± 1.3°C and 17.6 ± 1.3°C in the shaded and the control treatments, respectively. The average daily light integrals (DLIs) over the duration of the experiment (18 to 28 DAFB) were 25.9 ± 3.3 molÁm -2 Ád -1
(maximum and minimum of 38 and 13 molÁm -2 Ád -1 , respectively) and 3.8 ± 1.7 molÁm -2 Ád -1 within the canopies of the control and shaded trees, respectively. Severe weather at 6 d after the initiation of the experiment resulted in partial opening of the shade material over three of the replicates but was fixed on the same day. Analysis of the DLI data did not indicate an increase in light levels within the shaded treatment during this period. The ambient light levels were low from 6 to 10 d after treatment. Twenty fruit per tree were tagged at 0 d after treatment and were used to determine fruit diameter. Fruit RGR (mmÁmm -1 Ád -1 ) was calculated as described previously. Fruit were sampled from the trees at 0, 1, 2, 3, 6, and 10 d after treatment and fixed in CRAF III fixative for histology. All of the samples were collected during the afternoon period (%1400 HR). One branch (average of 42 fruit per branch) on each tree was tagged at 1 d after treatment and the number of fruit on it was monitored during the duration of the experiment (18 to 28 DAFB).
CELL NUMBER AND CELL AREA MEASUREMENT. The number of cell layers in the cortex and the cortex cell area were measured as described previously in Malladi and Johnson (2011) . Briefly, samples fixed in CRAF III were sectioned using a vibratome (Microcut H1200; Bio-Rad, Hercules, CA). The sections were stained in toluidine blue and images were captured using a microscope (BX51, DP70; Olympus, Center Valley, PA). The number of cell layers between the petal vascular trace and the epidermis was counted manually to obtain the cell number data. The number of cells was determined at three locations within the fruit cortex, between the petal vascular trace and the epidermis. The average cell area from the three locations was used to determine the cortex cell area.
RNA EXTRACTION AND CDNA SYNTHESIS. RNA was extracted from fruit collected at 0 and 3 d after the initiation of the treatment in 2009. The extraction was performed as reported previously in Malladi and Hirst (2010) . One microgram of total RNA was used for cDNA synthesis using oligo dT primers and ImProm II reverse transcriptase (Promega, Madison, WI) after treatment with DNase (Promega). Synthesis of cDNA was performed in a total volume of 20 mL, which was subsequently diluted 6-fold and stored at -20°C until further analysis. (Pfaffl, 2001) . The relative quantities (1/E Cq , where E is the amplification efficiency) were normalized using the geometric mean of the relative quantities of the reference genes. The expression of a given gene relative to its expression in the control fruit at 0 d after treatment is reported here. The SE of the expression was calculated as described in Rieu and Powers (2009) .
Q U A N T I T A T I V E R E V E R S E
STATISTICAL ANALYSES. All statistical analyses and graph preparation were performed with JMP software (Version 9; SAS Institute, Cary, NC) and Sigmaplot 11 (Systat Software, 
The Genbank accession numbers or the accession numbers from the apple genome database are indicated (Mach, 2007) . The forward (top) and reverse (bottom) primers are indicated for each of the genes analyzed.
San Jose, CA). The main effects of ''shading'' and ''time after treatment'' and their interaction effects were tested using repeated measures. Wherever the interactions were significant between the main factors, the simple effects were further analyzed using test of effect slices. For the gene expression data, the normalized relative quantities were transformed (log 2 ) before statistical analyses. For the gene expression analysis, the genes of interest were ones that displayed significant interaction effects between the main factors, because in these cases, the effect of shading depended on the time after treatment.
Results
SHADING REDUCES FRUIT GROWTH BY DECREASING CELL PRODUCTION AND EXPANSION.
In 2009, fruit within the control treatment increased in size by 8.3 mm between 15 and 25 DAFB, but little change in fruit diameter (2.2 mm) was observed in the shaded fruit during this period (Fig. 1) . Fruit diameter was significantly smaller in the shaded fruit from 3 d after treatment. Similar to data from the 2009 study, shaded fruit in the 2010 study displayed only a minor increase in size (2.4 mm), whereas the control fruit displayed an increase in fruit diameter by 8.7 mm between 18 and 28 DAFB (Fig. 1) . A significantly lower diameter was evident in shaded fruit from 3 d after treatment. Therefore, in both years of the study, shading resulted in a reduction in fruit growth within 3 d after treatment. In 2009, the fruit RGR (mmÁmm 
Ád
-1 (P = 0.005)]. During the duration of the experiment (18 to 28 DAFB), shading did not have a significant effect on the extent of fruit drop. At 10 d after treatment, %54% of the fruit in the shaded treatment abscised, whereas 38% of the fruit abscised in the control treatment (P = 0.06, Student's t test).
In 2009, the number of cell layers within the cortex increased by 1.47-fold over the duration of the experiment in the control fruit but only by 1.32-fold in the shaded fruit (Fig. 1) . The number of cell layers within the fruit cortex of shaded fruit was significantly lower than that in the control fruit from 3 d after treatment. By the end of the experiment, cell number in the shaded fruit was only 82% of that in the control fruit. A similar pattern of change in cell number was observed in the 2010 study and the number of cell layers was significantly lower in the shaded fruit from 3 d after treatment (Fig. 1) . Over the duration of the experiment, the cortex cell area increased by 1.72-fold and 1.48-fold in the control fruit in 2009 and 2010, respectively. In the shaded fruit, cortex cell area increased only by 1.17-fold and 1.13-fold in 2009 and 2010, respectively. In 2009, significant differences in cell area between the control and shaded fruit were evident at 7 and 10 d after treatment (Fig. 1) . In 2010, lower fruit cortex cell area in the shaded fruit was evident from 3 d after treatment. Together, these data clearly indicate that the shade-induced decrease in fruit growth was associated with a reduction in cell production and expansion in the fruit cortex.
ALTERED EXPRESSION OF CARBOHYDRATE METABOLISM-AND FRUIT GROWTH-RELATED GENES RESULTING FROM SHADING.
The expression of two sorbitol dehydrogenase genes, MdSDH1 and MdSDH2, was higher in the shaded fruit at 3 d after shading by %10-fold and 2-fold, respectively (Fig. 2) . The expression of Fig. 1 . Effects of shading on apple fruit growth, cell number, and cell size.
Shading was performed on branches in 2009 and entire trees in 2010 using 80% shade material. Fruit diameter, number of cell layers in the fruit cortex, and cortex cell area were determined in fruit sampled from the ''shaded'' and ''control'' treatments in 2009 and 2010. Error bars indicate the SE (n = 4). Significant interaction effects between the factors, ''shading'' and ''time after treatment,'' were observed for all the fruit growth-related parameters in both years of the study (P < 0.05). Simple effects were analyzed using the test of effect slices. Asterisk indicates significant difference between the shaded and control fruit within the indicated time after treatment, as determined using the test of effect slices. All the differences indicated by asterisks were significant at a = 0.01 except for fruit diameter at 3 d after treatment in 2010 (P = 0.012). Fig. 2 . Effect of shading on the expression of two sorbitol dehydrogenase (SDH) genes in apple fruit. Shading was performed on branches in 2009 using 80% shade material. Open box represents ''control'' fruit and closed box represents ''shaded'' fruit. Expression was determined using quantitative reverse transcriptase-polymerase chain reaction. The expression of a gene in relation to its expression at 0 d after treatment in the control fruit is presented. Error bars indicate the SE (n = 4). Both the genes displayed a significant interaction between the factors, ''shading'' and ''time after treatment'' (P < 0.05). Simple effects were analyzed using test of effect slices. Asterisk indicates significant difference between the shaded and control fruit at the indicated time after treatment as determined using the test of effect slices (P < 0.01).
two transcription factors (ARFs) putatively associated with fruit growth was investigated. The interaction effect between the factors, shading and time after treatment, was not significant for MdARF6 (Fig. 3) . MdARF106 displayed higher expression in the shaded fruit at 3 d after treatment by 2.9-fold (Fig. 3) .
ALTERED EXPRESSION OF CELL PRODUCTION-AND EXPANSION-RELATED GENES RESULTING FROM SHADING.
The expression of 10 genes positively associated with cell production and two genes negatively associated with cell production was investigated (Fig. 4) . Many of the positive regulators of cell production including four B-type cyclin dependent kinase (MdCDKB) genes, MdCYCA2;1, and two B1-type cyclins (MdCYCB1;1 and MdCYCB1;2) were affected by the main factors, shading and time after treatment. Significant interaction effects of these factors on the expression of these genes were not observed. At 0 d after treatment, the expression of these genes in the shaded fruit was never lower than 1.9-fold of that in the control fruit and were not significantly different (pairwise comparisons using Tukey's honestly significant difference) except for MdCYCB1;1. The expression of the B2-type cyclin, MdCYCB2;2, was affected only by the factor time after treatment. The expression of two A2-type cyclins, MdCYCA2;2 and MdCYCA2;3, and two KRP genes, MdKRP4 and MdKRP5, displayed significant interaction effects between shading and time after treatment. The expression of MdCYCA2;2 and MdCYCA2;3 was lower in the shaded fruit by 4.6-fold and 3.6-fold, respectively, at 3 d after treatment. The expression of MdKRP4 and MdKRP5 was higher in the shaded fruit by 3.9-fold and 5.3-fold, respectively, at 3 d after treatment, consistent with their proposed roles as negative regulators of cell production during apple fruit growth.
The expression of two genes putatively associated with directional cell expansion, MdCOB1 and MdCOBL4 (Cobra1 and Cobra-Like4), and several a-type expansin (MdEXPA) genes putatively involved in the loosening of cell walls, was investigated (Fig. 5) . MdCOB1 expression in the shaded fruit was slightly higher (1.2-fold) at 0 d after treatment and was 1.6-fold lower at 3 d after treatment than that in the control fruit. MdCOBL4 expression was 1.9-fold higher in the shaded fruit at 3 d after treatment. The expression of MdEXPA10;1 was lower in the shaded fruit by 4.6-fold at 3 d after treatment. The expression of the other MdEXPA genes analyzed here was not significantly affected by shading.
Discussion
Several studies have indicated a reduction in fruit growth before fruit abscission in response to shading during early fruit development (Morandi et al., 2011; Zhou et al., 2008; Zhu et al., 2011; Zibordi et al., 2009) . In both years of the current study, fruit growth was significantly lower in shaded fruit from 3 d after treatment indicating that a reduction in fruit growth is an early response to shading. The fruit RGR declined by 2 to 3 d after shading. These data are consistent with previous studies in which shading reduced fruit RGR by %50% at 2 d and fruit growth by 58% at 3 d after treatment (Morandi et al., 2011; Zhou et al., 2008) . A reduction in fruit growth may decrease sink strength and subsequently lead to the activation of abscission mechanisms. Although the effect of shading on fruit drop was not significant within the duration of the experiment, it is likely that fruit abscission under shading continued at later stages. The high levels of shading used in this study have previously been shown to induce extensive abscission (Polomski et al., 1988; Zhu et al., 2011) .
The shading treatments were imposed during the phase of fruit development involving intensive cell production. In both years of this study, shading resulted in a rapid decline in cell production within 3 d after treatment, coincident with the decrease in fruit growth. These data indicate that the reduction in fruit growth was partly mediated by a decline in cell production. Although the majority of cell expansion typically occurs during the later stages of fruit development, a considerable increase in cell area occurs during early fruit development and may contribute to early fruit growth. In fact, cell area in the control fruit increased by %1.5-to 1.7-fold over the duration of the experiment. These data are consistent with previous studies in which considerable cell expansion was noted during early fruit growth (Malladi and Hirst, 2010; Malladi and Johnson, 2011) . In the 2009 study, cell expansion was affected by shading at 7 d after treatment, and in the 2010 study, it declined by 3 d after shading. Therefore, the data indicate that a decline in cell expansion contributes to the reduction in fruit growth. Together, these data indicate that shade-induced reduction in fruit growth is mediated by a decline in cell production and expansion. Progression of these processes mediating growth is dependent on the availability of carbohydrates. A reduction in photosynthate availability and subsequent changes in carbon metabolism resulting from shading may rapidly decrease the rates of cell production and expansion, thereby reducing fruit growth.
Sorbitol is the main translocated carbohydrate in apple and is converted to fructose through the activity of SDH (Bieleski, 1969) . Interestingly, the expression of MdSDH1 and MdSDH2, genes known to be expressed in the fruit cortex (Nosarzewski and Archbold, 2007; Nosarzewski et al., 2004) , was higher in the shaded fruit, suggesting higher SDH activity. A decrease in light levels, and subsequently photosynthesis, potentially decreases the extent of sorbitol translocated into the developing Fig. 3 . Effect of shading on the expression of two transcription factors putatively associated with fruit growth in apple. Individual branches were shaded in 2009 using 80% shade material. Open box indicates ''control'' fruit and closed box indicates ''shaded'' fruit. Expression was determined using quantitative reverse transcriptase-polymerase chain reaction. The expression of a gene in relation to its expression in the control fruit at 0 d after treatment is presented. Error bars indicate the SE (n = 4). Only MdARF106 expression displayed a significant interaction effect between the factors, ''shading'' and ''time after treatment'' (P < 0.05). Simple effects were analyzed using test of effect slices to determine differences between shaded and control fruit at each time after treatment for MdARF106. Asterisk indicates significant difference between the shaded and control fruit within the indicated time after treatment as determined by this test for MdARF106 (P < 0.01).
fruit. It may be hypothesized that the fruit responds through a rapid (and potentially transient) increase in SDH activity, which allows for a higher rate of conversion of the available sorbitol into fructose, thereby allowing the fruit to meet its immediate and high respiratory demand (Lakso et al., 1999) . Hence, the effects of shading on the carbohydrate status within the developing fruit, and its metabolism, warrant further investigation. The expression of another SDH, MdSDH5, reportedly decreased initially in the fruit cortex in response to shading (Zhu et al., 2011) . This may reflect differences in the expression among different SDH genes. The shade-induced reduction in fruit growth may be mediated by changes in the expression of key transcription factors. The transcription factors, MdARF6 and MdARF106, have been investigated in relation to their potential roles in the regulation of fruit size (Devoghalaere et al., 2012) . MdARF106 was colocalized to a region on chromosome 15 containing a quantitative trait locus associated with fruit size. Also, MdARF106 was expressed during the cell production and expansion phases of fruit growth consistent with a proposed role in mediating the effects of auxin on fruit growth (Devoghalaere et al., 2012 ). In the current study, MdARF106 expression was higher by 2.9-fold in the shaded fruit. The increase in MdARF106 expression may, in turn, regulate mechanisms that mediate the shade-induced reduction in fruit growth.
The shade-induced decline in cell production was associated with coordinated changes in the expression of core cell cycle genes, which are key facilitators of cell production (Malladi and Johnson, 2011) . The expression of MdCYCA2;2 and MdCYCA2;3, genes positively associated with cell production (Malladi and Johnson, 2011) , was lower in the shaded fruit. A2-type cyclins mediate the progression of the G2/M phase of the cell cycle. Members of this class of cyclins associate with CDKBs to prevent exit from mitotic cell production (Boudolf et al., 2009 ). Lower expression of these genes in response to shading may therefore facilitate the exit from cell production within the developing fruit cortex. KRPs are key facilitators of exit from mitotic cell production and are also involved in promoting entry into endoreduplication in other plants (Verkest et al., 2005; Weinl et al., 2005) . In apple, MdKRP4 and MdKRP5 display an increase in expression in unpollinated fruit and during later stages of fruit development, consistent with their proposed roles in mediating the exit from cell production (Malladi and Johnson, 2011) . MdKRP4 and MdKRP5 displayed a sharp increase in expression by approximately 4-to 5-fold in response to the decrease in light levels, indicating that they may mediate the shade-induced exit from cell production. Together, these data indicate that shading during early fruit development results in the coordinated alteration of core cell cycle gene expression, which may subsequently mediate the reduction in cell production and fruit growth. The expression of several genes associated with cell growth was reduced by shading and preceded the decline in cell expansion. COBRA encodes a glycosyl-phosphatidyl inositolanchored protein, which may regulate cell growth by affecting cellulose biosynthesis and by determining the orientation of cellulose microfibrils within the cell wall (Roudier et al., 2005; Schindelman et al., 2001) . MdCOB1 expression was lower in the shaded fruit at 3 d after treatment. Lower MdCOB1 expression in response to shading may impair cell wall extensibility and contribute to the subsequent decline in cell expansion. Interestingly, expression of the COBRA-LIKE gene, MdCOBL4, was higher in the shaded fruit. Members of the COBL4 subgroup of COB genes are thought to function in secondary cell wall synthesis and may primarily contribute toward maintaining the mechanical strength of tissues (Brown et al., 2005; Ching et al., 2006; Li et al., 2003) . As cell production and expansion decline, mechanisms involved in secondary cell wall synthesis may be activated and the higher MdCOBL4 expression may potentially be part of such a mechanism in the shaded fruit. The expansin family consists of multiple genes, which encode extracellular proteins that facilitate the loosening of cell walls, thereby allowing for cell expansion (Cho and Cosgrove, 2000; Sampedro and Cosgrove, 2005) . The expression of the a-Expansin, MdEXPA10;1, was lower by over 4-fold in shaded fruit. Such a reduction in Fig. 4 . Effect of shading on the expression of core cell cycle genes associated with cell production in apple fruit. Shading was performed using 80% shade material on individual branches in 2009. Open box represents ''control'' fruit and closed box represents ''shaded'' fruit. Expression analysis was performed using quantitative reverse transcriptase-polymerase chain reaction. Expression of a gene relative to its expression in the control fruit at 0 d after treatment is presented. Error bars indicate the SE (n = 4). The interaction effects between ''shading'' and ''time after treatment'' were significant (P < 0.05) for MdCYCA2;2, MdCYCA2;3, MdKRP4, and MdKRP5 only. Asterisk indicates significant difference between shaded and control fruit at the indicated time after treatment for the above genes as determined by the test of effect slices (P < 0.01). All the other cell cycle genes (except for MdCYCB2;2) displayed significant main effects of shading and time after treatment but nonsignificant interaction between these factors. For MdCYCB2;2, only the factor, time after treatment, was significant.
MdEXPA10;1 expression may reduce cell wall extensibility and contribute to the shade-induced decline in cell expansion and fruit growth. The high level of shading used in the current study is known to induce extensive fruit abscission (Polomski et al., 1988; Zhu et al., 2011) . Hence, it is possible that some of the fruit sampled for growth and gene expression analyses were derived from a population of fruit, some of which were destined to abscise. It will be interesting to investigate in future studies whether the shade-induced changes in fruit growth-related parameters and gene expression reported here are applicable to fruit that display a reduction in growth but are not programmed for abscission.
Data from this study are consistent with our hypotheses and clearly demonstrate that shade-induced reduction in fruit growth is facilitated by a decrease in cell production and expansion. Furthermore, the data indicate that the decrease in the extent of cell production and expansion resulting from shading may be mediated by coordinated changes in the expression of carbohydrate metabolism-related genes, transcription factors associated with fruit growth, and key genes associated with cell production and expansion.
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